ABSTRACT: The weld-induced residual stresses in a tubular planar K-shaped connection made of construction steel grades S355J2H and S690QH is evaluated using three-dimensional finite element models in thermomechanical simulation of welding process. Both lumped single-pass and multi-pass simulation alternatives are examined. The transversal component is the largest residual stress component at the gap region for all models, with values reaching the yield strength of studied steel grades. The shapes of residual stress profiles evaluated from the multi-pass models for the two steel grades show a similar trend. Although this can change when the effects of phase transformations will be considered. Considerable difference in the residual stress distribution in the gap region is observed between multi-pass welding simulation and equivalent single-pass models for both steel grades studied. For the single-pass models, the effect of using element activation on the residual stresses are negligible.
INTRODUCTION
Application of circular hollow sections for bridge structures has increased since the early 90's, especially in Europe (Acevedo and Nussbaumer 2012) . Tubular bridges provide aesthetics, structural efficiency, and sustainability and are advantageous compared to other structural solutions, in particular for mid-sized span bridges (Nussbaumer et al. 2010 ). Similar to the offshore platform structures, two fabrication methods for the tubular bridge joints exist: welding the tubes together, and using cast steel parts in place of joints and connecting them to truss members by girth welds. While the latter has shown a better fatigue performance in the past, the former fabrication method is still interesting for some bridge projects because of cost and aesthetics issues.
Using high-strength low-alloy (HSLA) steels can lead to a more transparent structure with a higher live load to dead load ratio. Part 1-12 of Eurocode 3 which was introduced in 2007 permits the use of steel grades up to grade S700. However, fatigue cracking in the welded joints is a limiting factor for application of higher grade steels in tubular bridge structures. In the current IIW recommendations (Hobbacher 2003) fatigue life is considered the same for the structural steels up to grade S960. Part 1-9 of Eurocode (EN1993 2005a) recommends the use of the same fatigue resistance curves for all structural steel grades. Although experimental fatigue data supports the above fact, the underlying phenomena of evolution of microstructure in the heat affected zone and formation of residual stresses during the welding process are different for various steel grades.
Residual stresses in the HAZ are one of the major factors that influence the fatigue crack growth, and hence, the fatigue life of the welded details (Radaj 2003) . The tensile residual stresses affect the fatigue response of the detail by keeping the cracks open, even if the external load is compressive. The nonuniform plastic deformations which occur during the welding are the main source for the formation of welding residual stresses (Withers 2007) . Several factors affect the residual stress magnitude and distribution in the HAZ, including:
• geometry
• material properties
• mechanical restraints of the connection
• temperature history experienced by the weldment
The temperature history mentioned above is determined by several welding parameters, namely heat input, shape of the heat source and the number of welding passes. Thermal field ü Temperature field D e f o r m a t io n h e a t T h e r m a l s t r e s s L a t e n t h e a t P h a s e c h a n g e Transformation strain
Volumetric change due to phase change During the welding process many different phenomena occur which can be regrouped into three interacting domains: thermal field, mechanical field, and microstructure field. Figure 1 shows these three domains with the simplified interactions that take place during welding. The dark arrows depict the dominating effects and the dotted arrows indicate that the corresponding effect is of less importance. The thermal field affects both the microstructure and the mechanical field, while the inverse effects are negligible. This is the key to de-coupling of the thermo-mechanical analysis into a sequential procedure which includes solving the thermal field problem, and subsequently solving each of the microstructure and mechanical fields.
NUMERICAL SIMULATION
The geometry for the planar K-joint modeled in this study is similar to the joints of full-scale specimens which were tested under constant amplitude fatigue loading in ICOM laboratory (Acevedo & Nussbaumer 2012) . The dimensions and non-dimensional geometric parameters of the joint are shown in Table 1 . The dimensions are exemplar of tubular bridge trusses in which the value of γ is below the application range of CIDECT (2000) formulas for the stress concentration factors (application range is 12 ≤ γ ≤ 30). The CIDECT's stress concentration factors are given for the case that no eccentricity exists in the joint, which is not the case for many bridge joints, including the joint investigated here.
The detail of weld gap at the crown toe and the crown heel is presented in figure 2 . The welding was done in 7 welding passes, according to the welding procedure specifications from the fabricator. As will be seen later, the number of weld passes was reduced for the numerical analysis. The complex weld geome- try was simulated according to the method explained by (Costa Borges 2008) . The arc welding was done using flux cored electrodes. The steel backing ring provides more complete weld penetration and hence, a better fatigue performance (Schumacher & Nussbaumer 2006) . However, it does not have a significant effect on the thermal or mechanical field for welding simulation. Therefore, it was not included in the model.
Material data
The original truss was made of structural steel S355J2H according to EN:10210-1 2006. To evaluate the effect of material, simulation was carried out with both steel grade S355J2H and grade S690QH. the temperature dependent thermal and mechanical properties were chosen from different sources. The values suggested by Eurocode 3-1-2 fire design recommendations (2005b) were used for the thermal conductivity, specific heat capacity, and latent heat of the steel material. Temperature-dependent Young's modulus values were selected according to Eurocode. Poisson's ratio and coefficient of thermal expansion were chosen as suggested by (Michaleris 2011) . For yield strength of S355 steel, the values given by Michaleris were used. Yield strength of S690 was selected from Eurocode values. The rate-independent mechanical properties of the two steel grades are given in Figure 3 . The same material properties are assumed for the parent metal and weld material. Transformation plasticity is not considered in this study. 
Heat source and boundary conditions
There are several heat source models available in the literature (Radaj 2003) to model the welding torch. Although the double ellipsoid model (Goldak & Akhlaghi 2005) is the most desirable model for the modeling of arc welding process, its calibration requires considerable data in terms of registered welding temperature history. In this stage of study, a simple model, as recommended in MORFEO (2011), was employed. The weld torch specifications are presented in Table 2 . The selected volumetric heat source shape was a cylinder with a linear heat input intensity distribution in the longitudinal direction of cylinder. The base radius and height of the cylinder for the single-pass weld model were selected as 15mm. The volume dimensions were calibrated according to the size of fusion zone. The cylindrical heat sources for the three passes of the multi-pass simulation were scaled down to fit into their corresponding weld beads whose shapes can be seen in Figure 5c .
The sequence for the welding of the two braces is shown in Figure 4 . The welding for each brace started at the crown heel and finished at the crown toe on each side of the connection. Once one pass of all 4 weld parts were done, the next pass would start and so forth. The welding start and stop positions were selected according to the welding procedure used at the time of fabrication of the fatigue-tested specimens made of steel grade S355J2H. Although having the weld stop position at the crown toe can potentially accelerate the fatigue crack propagation, the fatigue tests did not show any significant deviation from the CIDECT fatigue strength curves (Acevedo & Nussbaumer 2012) , likely because of the high quality of welding workmanship. It is worth mentioning that the fabricator has recently revised its welding procedure to relocate the weld stops outside the crown toe region.
The seven weld passes were simplified in the analyses into either a lumped single pass or a lumped threepass weld. The total heat input was kept as the same value shown in Table 2 for all analyses, according to Radaj (2003) . For the three-pass welding simulation, the heat power input for each of the three passes was one-third of the total heat power input given in Table  2 . The heat loss through convection and radiation was modeled by using a combination film coefficient in the model. Table 3 depicts the detailed time steps for the simulation of an equivalent single pass weld. for the three-pass weld, the same timing (i.e. 25 seconds for welding, followed by a 120 seconds cooling period, with a long cooling time step at the end of welding) was selected. A preheating temperature of 100°C was assumed for the three-pass welding simulation.
The deformation of the model was not restrained. to maintain the equilibrium, only the three translational displacement components were fixed at one end of the chord (right side). Figure 4 Step name 
FE analysis details
The analysis was carried out in MORFEO/Welding (2011) manufacturing simulation program. The model was created using 8-node linear isoparametric solid elements (Fig. 5a ). It is known from the fatigue tests of the two full-scale specimens that the fatigue cracking first occurs at the hot spot located on the chord at the crown weld toe (the gap region between the two braces). Therefore, for the estimation of residual stress field, the mesh is refined in that location, with an element dimension of 1mm to 2.2mm ( Fig.  5b and c) .
In order to simulate the weld metal deposition for the multi-pass welding, the element activation option of the MORFEO/Welding program is utilized. Of the two available methods, namely activation by analysis time and activation by temperature, the former is chosen. In the temperature activation method, the elements are activated once the temperature reaches a threshold value (melting point). The method can result in some isolated elements which produce convergence problems during analysis. In the time-based element activation, a moving box passes along the weld trajectory with a user-defined speed. Once an element is within the box, the element will be activated. The effect of material deposition on the thermal solution is negligible, but it has significant impact on the mechanical solution. Therefore, the element activation was only used for the mechanical part of the problem. 
RESULTS

Thermal solution
The temperature history at a node located on the chord surface in the gap region at 4mm from the weld toe is reported on Figure 6 for the two types of the models (the node location is shown in Figure 5b ,c as Point A). It is recalled that the thermal analysis part was identical for the two steel types. As can be seen in the figure, the analysis was continued through the final cooling time until the temperature dropped below 50°C. The two larger peaks observed for the single-path model correspond to the passage of the weld parts number 2 and 4 (see Figure 4) at the vicinity of the considered point. The calculated maximum temperature for the single-pass model is 23% higher than the peak temperature from the three-pass weld model. The reason being that the heat input in the latter model is more gradual which allows some cooling down between the welding operations.
Mechanical solution
As mentioned before, ongoing and previous fatigue experiments at ICOM have shown that the critical location for the fatigue cracking is at the crown toe location in the gap region. Cracking initiates at the HAZ but quickly goes into base metal and propagates there (Acevedo & Nussbaumer 2012) . The distributions of residual stresses in the gap region for the two studied steel grades are shown in Figures 7 and 8 for the case of the three-pass weld model. The transverse stress component is shown in Figures 7 and 8 , which is the component perpendicular to the weld line. The figures show the presence of high tensile residual stresses in the gap region for both steel grades. The single-pass model with element activation showed a similar trend but with higher residual stresses at the middle of the gap region. This can be described by the higher calculated thermal strains due to the higher temperatures which was explained in the previous section.
Both models for S355J2H and S690QH predict low compressive transverse residual stresses at the location of weld roots (slightly dark regions in the loca- tions of weld roots). This is in agreement with the observation of no root cracking in the aforementioned fatigue tests which were conducted with R=0.1 (thus likely diminishing the effect of stress range).
The through thickness profiles of three residual stress components at the left (dark lines) and right (gray lines) crown toes for the two steel grades S355J2H and S690QH are presented in Figures 9 and 10. Comparing these profiles, a similar trend for the distribution of residual stresses between the two steel grades can be observed. However, this would not be the case when other modeling parameters such as volumetric changes due to phase transformations are taken into consideration.
As can be seen, the longitudinal component (i.e. the component tangent to the weld line) is less than the transverse component for all models. Considering the transversal component, all models indicate high residual stresses up to and even higher than the yield stress. The impact of the modeling method (singlepass versus multi-pass) is considerable for both steel grades, for which both peak value and peak locations are different between the two modeling methods. The difference is higher for the case of S355J2H compared to the S690QH despite the fact that the two steel grades underwent identical temperature histories. The difference between models becomes less significant for the case of longitudinal and radial components of residual stresses. The radial stress profiles at the weld toe show that the radial stress component is not zero at the chord surface. Although the equilibrium of stresses implies that there should not be any radial residual stresses at the surface of the chord, but this does not hold for the weld toe corner, where the resultant of residual stresses is not necessarily parallel to the chord surface. The evaluated tensile radial component at the surface from the multi-pass model is higher than the single-pass model. This shows that a triaxial residual stress state exists at the weld toe near the chord surface, with the largest component being the transversal component and the smallest component being the radial stress. For both of the studied steel grades, the singlepass models predict a higher maximum value for the longitudinal residual stress component, compared to the three-pass models. However, the maximum value for the three-pass models occur in the chord surface, while the single-pass models report the maximum longitudinal stress to be at the depth of around 0.2T. Due to this difference in prediction of residual stresses, the prediction of fatigue life (and crack path) will be different in the subsequent crack propagation analyses, specially for the case that the joint undergoes compressive fatigue loading. The asymmetry of the stress field can be observed by comparing the stress profiles at the right and left weld toes. However, the difference between the stress profiles at the two weld toes is reduced in the case of multi-pass welding simulation.
CONCLUSION
Thermo-mechanical welding analysis was utilized to evaluate welding residual stresses in a planar Kshaped tubular joint for two grades of structural steel. The element activation analysis technique made no considerable difference for the equivalent single pass welding simulation; however, the results from multipass welding analysis showed considerable change in the distribution of residual stress field, specially for the case of transversal residual stresses.
For both of the steel grades studied, the transversal stress component in the gap region was the largest stress component, with the values at f y . Also, the distribution of residual stresses calculated from multipass weld simulations show a similar trend. This conclusion should be taken with caution as volumetric changes due to phase transformation were not considered. Transformation plasticity will be implemented in future work.
